Cation-chloride-cotransporters (CCCs) catalyze transport of Clwith K +
Introduction
aggregation by cryo-EM. (ii) KCC4 is monomeric before and after reconstitution in nanodiscs as 133 assessed by cryo-EM ( Figures S2,S4 ). (iii) Cross-linking of purified KCC4 was observed only at 134 high concentrations of crosslinker ( Figure S2F ) and was reduced when KCC4 was first 135 deglycosylated ( Figure S2E ,F), suggesting some cross-linking in glycosylated KCC4 is from 136 intermolecular glycan-glycan or protein-glycan linkages rather than through transmembrane 137 regions or CTDs 21 . We conclude that the CTD is flexibly attached to the transmembrane region. 138 Consistently, we observe a progressive loss of detailed features and a decrease in local 139 resolution in TM11 and TM12 that connect the CTD to the core transmembrane region ( Figure  140 S7B, S8). Some two-dimensional class averages show a blurred cytoplasmic feature around the 141 position we expect the CTD to emerge ( Figure S4 ), although attempts to classify distinct 142 conformations of this feature were unsuccessful. We conclude that the monomeric structure 143
reported here corresponds to full-length mouse KCC4 with intrinsically flexible and/or disordered 144 terminal regions. 145 146
Transporter conformation 147 148
KCC4 adopts an inward-open conformation. The outer surface of the transporter is sealed from 149 the extracellular solution, while a continuous cavity extends from the center of the 150 transmembrane region to the cytoplasmic side ( Figure 3 ). The transmembrane region consists 151 of twelve helices (TM1-TM12) with TM1-TM5 related to TM6-TM10 through an inverted repeat. 152 TM2 and TM11 in KCC4 are linked by a membrane buried disulfide bond between amino acids 153 C163 (TM2) and C626 (TM11) that are conserved among KCCs ( Figure S1 ). 154 155 A prominent feature of KCC4 is a large extracellular domain, unique among proteins of known 156 structure, extending ~35 Å above the membrane. It is formed by EL3 (the long extracellular 157 loop 20 ) and EL4, which pack together and cover approximately two-thirds of the transporter 158 outer surface ( Figure 2C -D, 3A). Sequence comparison suggests this domain is conserved in all 159
KCCs and is not found in other CCCs ( Figure S1 ). The structure consists of a short three-160 stranded antiparallel beta sheet (EL4 S1-3), five short helices (EL3 HA-C and EL4 HA,B), and 161 regions without regular secondary structure. It is stabilized by two disulfide bonds (C308-C323 162
and C343-C352) 20 and decorated with N-linked glycosylation sites 2,32 conserved among KCCs. 163 Non-protein density consistent with glycosylation is present at four previously identified sites 164 (N312, N331, N344, and N360) 32 and we model partial carbohydrate chains at the two stronger 165 sites (N312 and N360). Notably, the carbohydrate chain at N312 projects from the EH3 S1-S2 166 loop underneath an extended segment that leads to TM6A. This arrangement may stabilize the 167 extracellular domain and couple it to movements in TM6A, which moves between functional 168 states in other APC transporters 15, 33 . This structural role for glycosylation may explain the 169 functional defects associated with non-glycosylated mutants of KCC4 32 . 170 171
The position of the extracellular domain suggests its involvement in conformational changes 172 during the KCC transport cycle. A segment of the extracellular domain close to the membrane 173 forms part of the constriction that seals the internal vestibule from the extracellular solution. This 174 is likely the extracellular gate based on comparison to other APC transporters ( Figure 3A ,B) 15 . 175 In KCC4, residues in EL4, TM1, TM3, and TM10 form an electrostatic and hydrophobic 176 interaction network that seals the gate ( Figure 3A,B ). R140 on TM1B extends towards the 177 extracellular solution to interact with D575 on TM10 and E222 on TM3. The extracellular domain 178 is positioned immediately above through an interaction between K485 on EL4 and D575. The 179
outer portion of TM1B contributes W143 which, together with F486, surrounds K485 as it 180 projects towards TM10. This is reminiscent of the extracellular gate in LeuT formed by an 181 electrostatic interaction between TM1 and TM10 (R30 and D404) and capped by EL4 through 182 an interaction with TM10 (D401 and A319) 34 . By analogy, opening of the KCC4 extracellular 183 gate is likely to require "unzipping" the electrostatic network and rotation of EL4 and the  184  extracellular domain away from the surface of the transmembrane region 34,35 .  185  186  On the intracellular side of KCC4, a hydrophilic cavity is formed by TM1, TM3, TM6, and TM8  187 that exposes the inside of the transporter to the cytoplasm ( Figure 3C -E). At the top of this 188 cavity are Cland K + binding sites. The cavity forms a bifurcated pathway for ion access to these 189 sites, splitting into two routes approximately halfway through the tunnel due to the position of 190 side chains of N439, R440, and R528. Both sides are open to an essentially equivalent degree 191
( Figure 3D ). The only constriction outside of the local area surrounding the ions is formed at the 192 position of N439 (from TM6B), G525, and L529 (from TM8) where the cavity narrows to ~3.6 Å 193
in diameter, which is still sufficiently large for passage of K + and Clions. Within ~3 Å of each 194 ion, the cavity narrows such that it would require at least partial ion dehydration. 195 196
The cavity surface is markedly electropositive ( Figure 3E The central discontinuities in TM1 and TM6 result in protein backbone carbonyls and amides not 209 involved in regular hydrogen bonding that are utilized for substrate binding in other APC 210 transporters 15 . Around this region, we observe two prominent non-protein density features 211 (Figure 4 A,D). Based on structural, functional, and comparative analyses described below, we 212 model these sites as bound K + and Clions. 213 214
The stronger of the two densities between TM1, TM6, and TM3 is modeled as a K + ion. It is 215 surrounded by electronegative groups contributed by backbone carbonyls (N131 and I132 in 216 TM1 and P429 and T432 in TM6) and a tyrosine hydroxyl from Y216 in TM3. The distances 217 between electronegative groups and the ion are consistent with K + binding (2.8 -2.9 Å). The 218 electronegative helix dipoles created by TM1A and TM6A may additionally contribute to a 219 favorable electrostatic environment for cation binding. The coordinating tyrosine is conserved in 220 all CCC family members that transport K + . In NCC, the position corresponding to Y216 is 221 substituted by a histidine, which likely explains its K + -independence ( Figure S1 ). 222 223
The second site, between TM6 and TM10, is modeled as a Clion. It is surrounded by 224 electropositive groups from backbone amides (G433 and I434 in TM6) and a tyrosine hydroxyl 225 from Y589 in TM10. The electropositive helix dipoles created by TM1B and TM6B may 226
additionally stabilize anion binding. The interaction distances and coordination environment are 227 reminiscent of Clsites in CLC transporters 36 and the coordinating tyrosine is conserved across 228
CCCs. 229 230
To validate the assignment of the K + and Clsites and test the importance of coordinating 231 residues in transporter activity, we mutated Y216 and Y589 that contribute to the binding sites 232 and assessed transporter activity. Mutations at both sites resulted in a marked reduction in 233 transport activity in the Tl + -flux assay: mutation of the K + -coordinating Y216 to alanine resulted 234 in a 44% reduction in activity and mutation of the Cl --coordinating Y589 to phenylalanine 235 resulted in an 85% reduction in activity compared to wild-type KCC4. We conclude these two 236 sites are critical for KCC4 activity. 237 238
How does substrate binding in the 1:1 K + :Clcotransporter KCC4 differ from the 1:1:2 Na + :K + :Cl -239 cotransporter NKCC1 30,37 ? Overlays of the relevant sites are shown in Figure 4B ,C,E. The 240 KCC4 K + and Clsites correspond closely to sites for the same ions in NKCC1. However, the 241
proposed Na + site in NKCC1 is dramatically reorganized in KCC4. In KCC4, TM8 is rotated 242 farther away from TM1 and two consecutive Na + -coordinating serines in NKCC1 (conserved in  243 all Na + -transporting CCCs) are substituted by glycine and alanine in KCC4 (and in KCC1-3) 244
( Figure S1 ). The consequence is a loss of three of the five Na + -coordinating positions, providing 245 a structural explanation for Na + -independence in KCCs. A second Clsite in NKCCs 246 extracellular to the K + site is structurally conserved in KCC4, but we do not observe evidence for 247 ion occupancy at this site in the structure, suggesting it may be lost in KCC4 in conjunction with 248
the Na + -site ( Figure 4G ). 249 250
Discussion 251 252
The structure of monomeric KCC4 in lipid nanodiscs is consistent with evidence for KCC 253 monomers in cells in addition to homodimers and other oligomers 22, 23, 38 Cloning, expression, and purification were performed similarly to that described for LRRC8A 26 . 283
The sequence for KCC4 from Mus musculus was codon optimized for Spodoptera frugiperda 284 and synthesized (Gen9, Cambridge, MA). The sequence was cloned into a custom vector based 285 on the pACEBAC1 backbone (MultiBac; Geneva Biotech, Geneva, Switzerland) with an added 286 C-terminal PreScission protease (PPX) cleavage site, linker sequence, superfolder GFP 287 (sfGFP), and 7xHis tag, generating a construct for expression of mmKCC4-SNS-LEVLFQGP-288 SRGGSGAAAGSGSGS-sfGFP-GSS-7xHis. Mutations were introduced using standard PCR 289 techniques with partially overlapping primers. MultiBac cells were used to generate bacmids 290 according to manufacturer's instructions. Spodoptera frugiperda (Sf9) cells were cultured in ESF 291 921 medium (Expression Systems, Davis, CA) and P1 virus was generated from cells 292 transfected with Escort IV Transfection Reagent (Sigma, Carlsbad, CA) according to 293 manufacturer's instructions. P2 virus was generated by infecting cells at 2x10 6 cells/mL with P1 294 virus at a MOI ~ 0.1. Infection monitored by fluorescence of sfGFP-tagged protein and P2 virus 295 was harvested at 72 hours post infection. P3 virus was generated in a similar manner to expand 296 the viral stock. The P3 viral stock was then used to infect 1 L of Sf9 cells at 4x10 6 cells/mL at a 297 MOI ~ 2-5. At 60 hours post-infection, cells were harvested by centrifugation at 2500 x g and 298 frozen at −80°C. 299 300
Transporter Assay 301 302
The FluxOR-Red Potassium Ion Channel Assay (Thermo Fisher Scientific) was adapted for 303 transport assays in Sf9 insect cells by adjusting the osmolarity of all buffers to 380 mOsm (by 304 addition of sodium methylsulfonate). Cells were infected at a density of 1.5x10 6 cells/ml and 305 grown in suspension for 60-72 hours for robust KCC4-GFP expression. 100uL of cells at 1x10 6 306 cells/ml were plated and allowed to adhere for 1 hour before the assay. Growth media was 307 replaced with 1X Loading Buffer and incubated at 27°C away from light for 1 hr. The FluxOR 308
Red reagent is a non-fluorescent indicator dye which is loaded into cells as a membrane-309 permeable acetoxymethyl (AM)-ester. and time zero is defined as the first data point recorded after the addition of stimulus. Global fits 319 of all data to a one phase association model Y=(Plateau)*(1-e (-x/ " ) ) are displayed with 95% 320 confidence interval bands ( Figure 1B) . Alternatively, the final 50 counts were averaged as a 321 measure of final fluorescence increase ( Fig 1C, 4F (prepared by sequential washing in methanol, water, and Buffer 4 and weighed damp following 407 bulk liquid removal) were added and the mixture was rotated at 4°C overnight (~12 hours). 408
Nanodisc-containing supernatant was collected and spun for 10 min at 21,000 x g before 409 loading onto a Superose 6 column in Buffer 4. Peak fractions corresponding to KCC4-MSP1D1 410
were collected and spin concentrated using a 100 kDa cutoff for grid preparation. 411 412
Grid preparation 413 414
The KCC4-MSP1D1 nanodisc sample was concentrated to ~1 mg/mL and centrifuged at 21,000 415
x g for 10 min at 4ºC prior to grid preparation. A 3 uL drop of protein was applied to a freshly 416 glow discharged Holey Carbon, 400 mesh R 1.2/1.3 gold grid (Quantifoil, Großlöbichau, 417
Germany). A Vitrobot Mark IV (FEI / Thermo Scientific, USA) was utilized for plunge freezing in 418 liquid ethane with the following settings: 4°C, 100% humidity, 1 blot force, 3s blot time, 5s wait 419 time. The KCC4 detergent sample was frozen at 4.5 mg/mL and centrifuged at 21,000 x g for 10 420 min at 4ºC prior to grid preparation. A 3 µL drop of protein was applied to a freshly glow 421 discharged Holey Carbon, 400 mesh R 1. The processing pipeline is shown in Figure S5A -C. We used Cryosparc2 49 for initial model 445 generation and refinement until reconstructions reached 4-5 Å resolution. Bayesian polishing 446 and nanodisc subtraction in Relion 3.0.7 50,51 were used to achieve highest resolution 447 reconstructions. While the contribution of disordered or flexible N-and C-terminal regions to 448 alignments is unknown, the remaining 55 kDa asymmetric membrane protein is among the 449 smallest in terms of resolved mass resolved by cryo-EM to date. 450 451
A total of 1559 movie stacks were collected, motion-corrected and binned to 1.137 Å/pixel using 452
MotionCor2 52 , and CTF-corrected using Ctffind 4.1.13 53 ( Figure S5A ). Micrographs with a 453
Ctffind reported resolution estimate worse than 5 Å were discarded. A small number of particles 454 (~1000) were picked manually and subjected to two-dimensional classification to generate 455 references for autopicking in Relion. 1,826,000 particles were autopicked and extracted at 2.274 456 Å/pixel (2x binned) for initial cleanup. Non-particle picks and apparent junk particles were 457 removed by several rounds of two-dimensional class averaging. The remaining 887,132 458 particles were extracted at 1.137 Å/pixel and imported into Cryosparc. An additional round of 2D 459 classification generated a particle set of 491,111. These particles were the input of an ab initio 460 reconstruction (non-default values: 4 classes, 0.1 class similarity, 4 Å max resolution, per-image 461 optimal scales). 2D classification of particles (160,868) that contributed to the most featured 462 volume resulted in a set of 125,593 particles which were the input of an ab initio reconstruction. 463
Alignments were iteratively improved using non-uniform (NU) refinement (0.89 window inner 464 radius, 120 voxel box size, 10 extra final passes, 10 Å low-pass filter, 0.01 batch epsilon, 465 minimize over per-particle scale, 1-4 Å dynamic mask near, 3-8 Å dynamic mask far, 6-10 Å 466 dynamic mask start resolution, 4-6 Å local processing start resolution). Two separate NU 467 refinement output volumes were input into a heterogeneous refinement job of the 886,528 468 particle set (forced hard classification, 10 Å initial resolution, 5 final full iterations). The more 469 featured class (538,280 particles) was heterogeneously refined (forced hard classification, 10 Å 470 initial resolution, 5 final full iterations) ( Figure S5B ). The particles and volume from one output 471 (354,234 particles) were input into the first of three iterative NU refinements (10 extra final 472 passes for the second and third iteration). 473 474
Particle positions and angles from the final cryoSPARC2 refinement job were input into Relion 475 (using csparc2relion.py from the UCSF PyEM 59 ) and 3D refined to generate a 4.18 Å map (6 Å  476 low-pass filter, 0.9 degrees initial sampling, 0.9 degrees local searches) ( Figure S5C) . A second 477 3D refinement following Bayesian particle polishing improved the map and reported resolution 478 (4.01 Å) (6 Å low-pass filter, 0.9 degrees initial sampling, 0.9 degrees local searches). CTF 479 refinement with beam tilt group estimation and per-particle defocus was performed, although 480 subsequent 3D refinement did not markedly improve the map. Particle subtraction was 481 performed to remove the contribution of the nanodisc density from alignments and subsequent 482 3D refinement markedly improved the map (reported resolution 3.86 Å or 3.72 Å after 483 postprocessing) (6 Å low-pass filter, 0.9 degrees initial sampling, 0.9 degrees local searches). A 484
final improvement in map quality and reported resolution and was obtained by removing poor 485 particles with a 3D classification job (2 classes, 10 Å initial low-pass filter, 16 tau fudge, no 486 angular sampling). The final particle set (110,143) was subjected to 3D refinement to generate a 487 final map at 3.72 Å resolution (3.65 Å after postprocessing) (6 Å low-pass filter, 0.9 degrees 488 initial sampling, 0.9 degrees local searches). Particle distribution and local resolution was 489 calculated using Relion (Figure S6A,B) . FSCs reported in Figure S6C were calculated using 490
Phenix.mtriage. 491 492
Modeling, refinement, and structure analysis 493 494
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A Figure KCC4 is present in two species: an earlier eluting, broader peak 1 and a later eluting, sharper peak 2. Fractions in the later eluting peak correspond to monodisperse KCC4 and were used for structure determination. (C) Representative chromatogram from Superose 6 gel filtration of KCC4 reconstituted in MSP1D1 lipid nanodiscs. (D) Coomassie-stained SDS-PAGE of final pooled KCC4-MSP1D1 nanodisc sample (indicated by purple shading in (C)). (E) Coomassie-stained SDS-PAGE of peak 1 and peak 2 pools (as indicated in (A,B) ) before (-) and after (+) treatment with PNGase. (F) Coomassie-stained SDS-PAGE of KCC4 crosslinked with different concentrations of glutaraldehyde (bands within each gel correspond to 0.02, 0.01, 0.005, 0.0025, and 0% glutaraldehyde, respectively). Peak 1 and peak 2 samples were pooled as indicated in (A,B) , concentrated, and crosslinked (left pair of gels) or deglycosylated with PNGase prior to crosslinking (right pair of gels).
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